The measurement of plant leaf area (LA) has important guiding significance for the diagnosis of plant growth status. Most of the existing methods for measuring LA are contact measurement. This paper proposes a method to directly create a 3D model of the leaf and calculate the surface area of the leaf in the natural state. Firstly, the digital camera is calibrated to obtain the camera parameters. Then, the leaves are photographed from multi-angles in order to obtain the three-dimensional point cloud; the images are processed by Photomodeler. Use MATLAB programming to achieve 3D modeling of the leaf and calculate the surface area using scanner combination Photoshop software methods. The experimental results show that the method proposed has a prominent effect on the measurement of the leaf under natural conditions with an accuracy of 99%.
Introduction
Leaves are the major organs of plant in photosynthesis, transpiration, and the synthesis of organic substances. Developmental status and size of leaf play an important role in crop growth and development, stress resistance and yield formation; they are also the content of physiological, biochemical, genetic breeding, crop cultivation, pest hazard losses [1] [2] [3] . Quantitative imaging of leaf growth dynamics facilitates improved understanding of gene-environment interactions [4] . Therefore, it is necessary to establish an accurate and non-destructive method to determine LA, which will provide a useful tool in physiological and agronomic research.
There are many ways to measure LA. One of the commonly used non-destructive methods is mathematical Equations, which has the advantages of simple and rapid operation and strong practicality [5] [6] . However, this method has to be carried out on a large number of sampling, and the accuracy of the prediction results of the tested leaf is not high. In addition, different plant leaves should be established with different mathematical Equations; the workload is greatly increased.
The other is LA estimation from pixel statistics method, such as portable scanning planimeter, handheld device, image processing and so on. These devices use optical scanning to obtain the leaf image, and use proper software to statistic the total pixel of the leaf to calculate LA [7] [8] [9] . However, since leaves are generally not flat and area measurement of non-flat leaves will cause a certain degree of damage to leaf tissue, they should be flattened before two dimensional plane measurements are carried out. In addition, pictures were not taken at a precise perpendicular angle so there will be some error on the LA estimation, which also increases the difficulty of measuring LA. Transparent grid meter and gravimetric method are two traditional LA measurement methods [10] . The operation is easy and equipment requirements are simple, but it is time consuming and the precision of transparent grid meter and gravimetric method are low.
3D modelling is simulating and reproducing a three-dimensional object in the real world in order to study the attributes of its shape, material, color, lighting, and motion in a three-dimensional space to achieve a 3D reproduction process [11] . Three-dimensional reconstruction technology based on close-range photogrammetry and machine vision has achieved many applications. A hand-held camera can be used to obtain multiple-angle images of the target. Then, the three-dimensional information of the target can be obtained through bundle adjustment method, image matching technology and related mathematical calculations, which is more convenient and economical compared with coordinate measuring machines and range scanners [12] . These off-line systems can be used for 3D modeling and measurement, which has lots of advantages such as high precision, abundant information and noncontact detection. This technique effectively extracts 2D or 3D shapes, outlines, and sizes of objects, and are used in a wide range of applications for objects and industries, such as protection of cultural relics, plant growth monitoring and simulation, classification of agricultural products, and measurement of factory facilities [13] [14] [15] [16] [17] [18] .
Laser scanning is a well-established method to generate 3D models. The 3D model produced is for visualization and measurement purposes. However, laser scanning equipment is expensive; in addition, the quality of the color images obtained from the laser scanners are worse than from the digital camera.
By studying existing methods for measuring LA, it is necessary to develop a non-destructive and 3D approach for LA measurements. The present study was a new class of 3D scanning technologies called photogrammetric scanning, which is the solution for creating dense 3D point clouds and detailed surface models of leaves. Nevertheless, this new technology is cost-effective and efficient. This technology uses a standard off-the-shelf digital camera in combination with specialized software that analyzes the digital images; no additional hardware is required. This paper was envisioned with an objective to develop a method for building the 3D model of the leaf and calculate LA. This paper puts forward leaf modeling measurement method based on machine vision and photogrammetry technology. It corrects the camera error and takes pictures with a standard off-the-shelf digital camera from multi-angle of the leaf under the natural state. The model obtains two or more leaf images, corrects them, and uses the relevant matching algorithm to get 3D point cloud of leaf. MATLAB software is used to build a 3D model of the leaf, which can be used to calculate the 3D surface area of leaf. The innovation of this paper achieves a non-destructive 3D measurement.
Camera Calibration
This experiment uses a Nikon D90 camera to captures images with a resolution of 4288×2848; its focal length is 20mm and the output image format is JPEG. The non-metric digital camera has an optical error, caused by the assembly of the camera objective lens system, and the image point deviates from its ideal position. The optical distortion is classified into radial distortion and tangential distortion. Radial distortion is caused by the incomplete lens group constituting the camera optical system. Tangential distortion is mainly caused by the fact that the optical axis center of each lens in the camera optical system is not strictly coplanar. Therefore, before a digital camera is used for modeling and measurement, it must be strictly calibrated to restore the relative geometric relationship between the photographic center and the image [19] .
There are many ways to calibrate the camera. In this paper, PhotoModeler scanner software provides calibration procedures for camera calibration, which is developed by Canada EOS system. In addition to being used for correction, the software can also be used to provide a photo modeling technique and to shoot two more photos of object. After camera calibration, image matching and space points can be calculated, which reconstructs the 3D point cloud of the known scene [20] . Photomodeler scanner software is used to reconstruct accurate 3D point cloud of leaf by two or more overlapping photographs, create 3D models with 3D point clouds, and complete reproduction of leaves in their natural state.
Since optical distortion is the most important error of the digital camera, the distortion model of the camera mainly considers radial and tangential distortions; the formula is as follows:
Where = √( − pp ) 2 + ( − pp ) 2 , (x, y), (xpp, ypp) are the coordinates of image point and principal point respectively. r1、r2 were the radial distortion coefficient, and t1、t2 were tangential distortion coefficients. The camera calibration solution uses a direct linear transformation model with coordinates correction. The formula is as follows: 
As shown in the formula (2), X, Y, Z were the point in the object space coordinates, M1~M11 were direct linear transformation parameters. Substitute Equation (1) into Equation (2) to establish the corresponding error Equation, calculate the corresponding elements of interior orientation and optical distortion coefficients, and complete camera calibration.
Use the calibration template provided by the PhotoModeler software to calibrate the camera's internal orientation parameters with high accuracy. As shown in Figure 1 , the calibration template consists of 96 control points and 4 identification points. The software can automatically calculate the center of the control points, and further calculate the camera parameters. The identification points (a, b, c, and d) are shown in Figure 1 . The template consists of solid dots and multiple arc-shaped thick lines that are in the same project and have a specific direction and angle. The shape of each identification point should be unique and large. The software can easily identify them so the origin of the coordinate system is usually established at any one of the four identification points.
The calibration template image was printed on paper with the dimensions of 210mm×297mm, and radius of control point of 2mm. The distance between two adjacent control points is 20.4mm, the outermost radius of identification point is 7mm, and the width of the arcuate arcs is 2.5mm. Place the calibration template paper on a flat surface, fix the camera on a tripod, hold the principal axis of the lens at a 45 degrees angle to the standard calibration grid, and take a picture of standard calibration grid. The result can be seen in Figure 2 . A total of 12 images were collected in four directions from east, west, south, and north. Each direction has a banner photo and two photos with clockwise and counter-clockwise rotation of 90 degrees, as shown in Figure 3 . The detection of identification points and control points is shown in Figure 4 . PhotoModeler provides the calibration procedure and can calculate f, (xpp, ypp), r1, r2, t1, and t2 based on the previous 12 images. Table 1 shows the calibration parameters where f was the focal length [21] . 
Image Acquisition and 3D Point Cloud Construction
The experiments were performed on leaf of Heritiera littoralis. The leaf was placed on top of a flat board surrounded by strips full of identification points. Each strip consisted of 13 identification points. The distance between the center of every two adjacent identification points was 2.04mm, and the strip was 297mm long. The leaf was placed above the strip, and four photos from two directions were taken, as shown in Figure 5 . After camera calibration, the leaf images were corrected by correction parameters and the related geometric correction mathematical model; the correction result is shown in Figure 6 . Due to the correction of error, the image was a flyback to the exact location.
After the photographs were taken, the images were loaded into PhotoModeler from Eos Systems, Inc., which is a consumer-grade photogrammetry package. Within the software, the corresponding points on different images are "referenced" to each other. Additional points can be marked and referenced, and the bundle adjustment re-executed until all points of interest have been measured.
Processing data with the bundle adjustment method in PhotoModeler is a largely transparent procedure for the user. When enough targets have been marked, the data can be processed and the bundle adjustment executed. The bundle adjustment does several things iteratively; it calculates the three-dimensional locations of the referenced targets and location and orientation of the photographs, and can adjust the camera parameters to obtain results that are more consistent [22] . When the three-dimensional coordinates of all points of interest in the scene have been calculated, the point cloud of the leaf is shown in Figure 7 ; this data can be exported and studied in detail using MATLAB from The MathWorks, Inc. 
3D Surface Modeling
The surface model of the leaf can be established by a variety of methods. In this paper, the Delaunay triangulation technique is adopted. The Delaunay triangulation has good mathematical characteristics. The triangular mesh is uniform and can represent the linear features and boundaries of overlapping arbitrary shapes. It is easy to update and can adapt to data of various distribution densities, which can reflect the fluctuation of the surface of the object [23] [24] [25] .
Because the Delaunay triangulation network avoids the appearance of sick triangles as much as possible, the best quality of the grid is achieved. The central idea of the triangulation method is to take a point and form a straight line with its nearest point. Then, find the point closest to this straight line, connect them into a triangle starting from the three sides of this triangle. Each seeks to connect its nearest point to a triangle, which in turn expands until all the discrete points are meshed [26] [27] . The point-by-point interpolation method is the main generation algorithm of dynamic Delaunay triangulation. It was first proposed by Lawson [28] ; this algorithm is very simple and understandable, and the core idea of the point-by-point interpolation method is to insert unprocessed discrete points one by one into an existing Delaunay triangulation network, and optimize it to perfect the triangulation network. At present, the mainstream Delaunay triangulation algorithm uses point-by-point interpolation, except that the initial Delaunatrix is slightly different from the data structure. The former can construct a rectangle or initial super triangle containing all discrete points as the initial triangulation. Taking the construction of a super triangle as the initial triangulation network as an example, the basic steps of the point-by-point insertion algorithm are:
Step 1 Build a super triangle containing all discrete points and use it as the initial triangle.
Step 2 Select an unprocessed point P from the discrete point set, and insert the point into the existing Delaunay traingulation network.
Step 3 Locate the triangle containing P, connect its three vertices with P, and generate 3 new triangles.
Step 4 Use Lawson's LOP (Local Optimization Procedure) algorithm [29] to optimize the previously generated traingles.
Step 5 Repeat steps 2 to 4 until all discrete points have been inserted.
Step 6 Delete all triangles associated with the 3 vertices of the super triangle.
There is an important idea he point-by-point insertion to construction network algorithm of Delaunay triangulation in the actual generation process: After each insertion of a new point P, find the triangle T that contains this point P; the three vertices of the triangle T are connected to P, which will form three new triangles [30] . Finally, the surface model of leaf in natural state is shown in Figure 8 . 
Results and Analysis
By constructing the Delaunay triangulation, all the points of the leaf point cloud become the vertices of all the small triangle patches in the triangulation network. The coordinates of each vertex of the triangle patch are known. The area of the triangular patch is calculated from the coordinates of each vertex of the triangular patch, and the area of the triangular patch is accumulated. Therefore, the area of the leaf surface model is 59.3594 cm 2 .
To evaluate the measurement accuracy, the area of the same leaf was measured by the scanner combination Photoshop software method. The scanner was an HP scanner (HP Laser Jet M1005 MFP), and Photoshop software was developed by Adobe company, whose full name was Adobe Photoshop CS3 Extended. An A4 paper was placed on the background of the leaf and then the leaf was scanned by the scanner, as shown in Figure 9 . The size of the A4 paper is 210 mm×279 mm. It can be seen by Photoshop that the width of the A4 paper is 210mm and takes up 4954 pixels wide; the width of each pixel in Figure 9 can be obtained. Use the tool provided by Photoshop to stroke the leaf, as shown in Figure 10 . The area of the flattened leaf accounted for 1812748 pixels, and the calculated LA was 32.5635 cm 2 . Figure 10 . Get leaf edge with Photoshop
The same method was used to measure 20 leaves. The measurement results are shown in Table 2 : As seen from the table above, the data obtained by the two measurement methods are very close, and the relative error is less than 1%. The value of the proposed modeling measurement method is smaller than the scanner combination Photoshop software method. When the scanner scans the leaf, the leaf is not completely flattened and completely stretched, resulting in a smaller measurement result. The proposed modeling measurement method obtains the three-dimensional surface model of the leaf, which is measured. The surface area is closer to the true value of the leaf.
In terms of the amount of input information and its availability, scanners combined with the Photoshop software method have less input information, are more convenient, and are simple to handle. The modeling measurement methods proposed in this paper can be modeling as long as the photographs are taken from two angles. In order to achieve a better modeling effect, the experiment takes pictures from four angles to obtain images, and the amount of information input during the experiment is not large. The methods used in this study are convenient and quick to handle.
Conclusions
The method proposed in this paper establishes a 3D surface model of the leaf, calculates the 3D surface area of the leaf, and realizes the non-destructive measurement of the leaf. The accuracy of the algorithm is high, and the accuracy of the PhotoModeler software used can reach micrometers. With a high requirement for measurement accuracy, the measurement of the surface area of the leaf under natural conditions can also be achieved. In addition, the large area of the leaf can also be modeled and measured. It can be widely applied to the measurement of a variety of plant leaves, and also lays the foundation for related researches such as virtual plant modeling. 
